The effect of dietary taurine supplementation on growth performance, metamorphosis success 17 and amino acid metabolism of Senegalese sole (Solea senegalensis) larvae was investigated. 18
Introduction 42 43
Taurine is an amino sulphonic acid present in high concentrations in the animal 44 kingdom, including fish. Although usually classified as an amino acid (AA), taurine is not 45 used for protein synthesis, since it lacks a carboxyl group. Instead, taurine is freely distributed 46 throughout cytosol and particularly accumulated in excitable tissues. Moreover, taurine is 47 individually equipped with a closed water recirculating system and 4 to 5 daily water 110 renewals were initially adjusted. Light intensity was 600 lx and a light/dark cycle of 12:12-h 111 was adopted. Water temperature (20.6 ± 0.9 ºC; mean ± standard deviation), oxygen 112 saturation level (83.7 ± 9.2 %) and salinity (35.2 ± 0.4 g L -1 ) were measured on a daily basis 113 with commercial probes. 114 From the start of exogenous feeding (3 days after hatching; DAH) until 16 DAH 115
Senegalese sole larvae were simultaneously fed a restricted ration of rotifers enriched with 116 commercial products and Control or Taurine microcapsules provided in excess. From 16 to 25 117 DAH larvae fed exclusively on microcapsules. Microcapsules were distributed to the rearing 118 tanks by automatic feeders in five cycles of 2 hours running and one hour break, from 8h00 to 119 22h00. Furthermore, an additional meal was offered to the larvae at 09h30, being distributed 120 to the rearing tanks by hand. 121
At 25 DAH, newly settled Senegalese sole larvae from each treatment were pooled and 122 transferred to two 21 L sand-coloured fibreglass raceways (0.21 m 2 ; 10 cm water depth; initial 123 larval density of 3,000 individuals m 2 ), where it were maintained until 32 DAH in a closed 124 water recirculating system with two water renewals per hour. Light intensity was 200 lx and a 125 12:12-h light/dark cycle was adopted. Water temperature (20.3 ± 0.3 ºC), oxygen saturation 126 level (96.1 ± 1.3 %) and salinity (36.0 ± 0.0 g L -1 ) were measured daily. During this stage, 127 newly settled Senegalese sole larvae from both treatments were fed in excess with frozen 128
Artemia metanauplii enriched with commercial products. Artemia was offered to the larvae 129 three times per day, in the morning (10h00), early afternoon (14h00) and late afternoon 130 (18h00). 131 132
Growth performance and metamorphosis 133 134
Senegalese sole larvae from both treatments were sampled regularly during the 135 experimental period. Fish were analysed for total length (TL) and dry weight (DW) at 3, 14, 136 25 and 32 DAH. Relative growth rate (RGR) and survival were analysed from the beginning 137 of the experiment until the end of the pelagic phase (25 DAH) and from this moment until the 138 end of the trial (32 DAH). 139
The metamorphosis pattern of Senegalese sole larvae was assessed regularly after the 140 onset of this process, according to Fernández-Díaz et al. (2001) . These authors categorised 141 five metamorphic stages, according to the eye migration status: 0 -pre-metamorphicmetamorphic (completion of left eye migration and visibility of orbital arch). 146 147
Amino acid analysis 148 149
Senegalese sole larvae were sampled and analysed for total amino acid (TAA) content 150 at 3, 10, 17, 21 and 32 DAH (results are only shown for taurine). Both microcapsules were 151 also analysed for TAA composition. Fish and microcapsule samples were firstly hydrolysed 152 (6 M HCl at 106 ºC over 24 h in nitrogen-flushed glass vials) and then prepared and analysed 153 using the PicoTag method (Waters, USA), according to the procedures described by Cohen et 154 al. (1989) . Analyses were done by high-performance liquid chromatography (HPLC) in a 155
Waters Reversed-Phase Amino Acid Analysis System, using norleucine as an internal 156 standard. Tryptophan was not determined in the microcapsules, since it is partially destroyed 157 by acid hydrolysis. The resultant peaks were analysed with BREEZE software (Waters, 158 USA). 159 160
Metabolic trials 161 162
Two metabolic trials were performed to assess the effect of dietary taurine supplementation 163 on the AA metabolism of Senegalese sole larvae. In these trials, larvae from each treatment 164 were fed 14 C-labelled rotifers or Artemia metanauplii at 9 and 16 DAH, respectively. For this 165 purpose, larvae were transferred to the room where trials were conducted, being acclimatized 166 for 12 hours in white plastic trays previously prepared with clean seawater and aeration. respectively. Afterwards, radiolabelled rotifers or Artemia were added to the fish trays at 170 densities of 15 and 5 individuals mL -1 , respectively. 171
Senegalese sole larvae from each treatment (n = 30) were allowed to feed upon 172 radiolabelled prey for one hour. After this period, larvae were successively rinsed in two wells 173 with clean seawater and individually transferred to incubation chambers filled with 7.5 mL of 174 seawater. This water fraction was considered to contain all 14 C-labelled AA resultant from 175 fish evacuation (evacuated fraction). A connection through gentle airflow was provided7 produced by larval labelled AA oxidation (catabolised fraction). Once the incubation period 178 was over (24 h), larvae were sampled and the 14 CO 2 remaining in water was collected as 179 described by Rønnestad et al. (2001) The total AA composition of the microcapsules from the Control and Taurine 207 treatments is shown in Table 2 . Significant differences were found between both 208 microcapsulated diets for histidine and taurine contents. The taurine content was significantly 209 higher in microcapsules supplemented with taurine (7.7 ± 0.5 and 9.3 ± 0.7 mg AA g-1 DW,8 212
Fish larvae 213 214
No significant differences were found between treatments for growth and survival of 215
Senegalese sole larvae until the end of the pelagic phase (25 DAH; Figure 1 ; Table 3 ). 216
However, by the end of the trial (32 DAH), Senegalese sole larvae from the Taurine treatment 217 presented a significantly higher growth than larvae from the Control treatment. 218
The eye migration pattern of Senegalese sole larvae was not significantly different 219 between treatments during the first days, when most of larvae were still starting the 220 metamorphic process (stages 1 and 2; Figure 2 ). However, by the end of the trial, the Control 221 treatment had significantly more larvae at a middle metamorphic stage (stage 2) than the 222 Taurine treatment. Conversely, the Taurine treatment had significantly more larvae at the later 223 metamorphic stage (stage 4; about 20%), whereas in the Control treatment none of the larvae 224 displayed these features. 225
No significant differences were found for the taurine content of Senegalese sole larvae 226 from the Control and Taurine treatments at 3, 17, 21 and 32 DAH (Table 4) respectively Results showed no significant differences in evacuated and catabolised fractions 238 at both larval stages evaluated (Figure 3) . However, the 14 C-AA retained fraction was 239 significantly higher at 9 DAH in larvae from the Taurine treatment than in larvae from the 240 Control treatment. No significant differences were found for the retained fraction at 16 DAH. 241 242 4. Discussion 243 growth and survival of Senegalese sole larvae. The overall growth performance and survival 247 of the larvae during this period were lower than what is usually observed for Senegalese sole 248 exclusively fed upon live prey (rotifers and Artemia; Cañavate and Fernández-Díaz, 1999; 249 Yúfera et al., 2005; Fernández-Díaz et al., 2006; Gamboa-Delgado et al., 2008; Engrola et al., 250 2009 ). Still, it was considered that larvae from the current experiment displayed a normal 251 developmental pattern according to the adopted feeding regime. For instance, Yúfera et al. 252
(2005) described similar growth performances and survival rates for Senegalese sole larvae 253 fed upon rotifers the three first days of feeding and alginate microcapsules alone afterwards. 254
The AA analysis of microcapsules from the Control and Taurine treatments showed a 255 similar composition. Although significant differences were also found for histidine, it was 256 noteworthy that microcapsules of the Taurine treatment displayed about 20 % more taurine 257 than microcapsules of the Control treatment, revealing that a successful taurine 258 supplementation was attained. 259
When assessing the effect of dietary taurine supplementation in Senegalese sole larvae, 260 distinct performances were found for the pelagic phase and after larval settlement. During the 261 pelagic phase, Senegalese sole larvae from both treatments presented a similar growth 262 performance and survival, as well as an identical pattern for starting metamorphosis. These 263 results initially suggested that dietary taurine supplementation during the pelagic phase had no 264 effect on larval performance. However, by the end of the trial, newly settled Senegalese sole 265 larvae from the Taurine treatment displayed a significantly higher growth performance than 266 larvae from the Control treatment. In addition, about 20 % of larvae from the Taurine 267 treatment successfully completed the eye migration, whereas none from the Control treatment 268 concluded this process. In other words, larvae of both treatments were able to start the 269 metamorphosis at the same age, but only the larvae fed on microdiet supplemented with 270 taurine were able to finish the process during the experimental period. These results indicate 271 that the advantages of dietary taurine supplementation during the pelagic phase were only 272 reflected on Senegalese sole larval performance after settlement. The reason why these 273 benefits were only visible at a later stage is difficult to explain so far. 274
The late effect of dietary taurine supplementation may have been related to the change 275 in the feeding conditions performed upon larval settlement. By the end of the pelagic phase, 276 newly settled Senegalese sole larvae from both treatments were transferred to flat-bottomedresults obtained at the end of the trial. As previously mentioned, Senegalese sole larvae 279 generally perform better when fed upon live prey. Therefore, under improved feeding 280 conditions, the positive effect of earlier dietary taurine supplementation on growth 281 performance of Senegalese sole larvae was finally visible. 282 Additionally to the improvement in feeding conditions, the late benefits of dietary 283 taurine supplementation observed in the current experiment for Senegalese sole may have also 284 been related to functions played by taurine during the metamorphosis of this species. During 285 this critical stage of development, a saturation of larval antioxidant defences seems to occur 286 (Solé et al., 2004) , and the antioxidant properties of taurine may become especially important 287 at this point. In fact, taurine has been indicated to affect cellular redox status, being crucial 288 during oxidative stress conditions (Métayer et al., 2008) . Moreover, in the current experiment 289 dietary taurine supplementation significantly increased larval taurine levels before the onset of 290 metamorphosis (10 DAH), but not after this process had started (from 17 DAH onwards). In 291 addition, an accentuated decrease in the taurine content was found in larvae of both treatments 292 from 17 to 21 DAH, which coincided with the beginning of the metamorphosis process. These 293 findings suggest a high taurine expenditure at the onset of metamorphosis in Senegalese sole 294 larvae. However, since larvae from the Taurine treatment presented a higher taurine content 295 before the beginning of the metamorphosis process, they may have been more able to cope 296 with the higher taurine physiological requirements that seemed to occur at this point. This 297 probably contributed to the higher metamorphosis success in larvae of this treatment at the 298 end of the trial. Like in the current study, the benefits of dietary taurine supplementation were 299 also shown to positively influence the settlement of Japanese flounder (Takeuchi et al., 2001) , 300 suggesting that taurine may also act an important role during the metamorphosis of this 301 species. Therefore, future research should address on clarifying the advantages of dietary 302 taurine supplementation during the metamorphosis of Pleuronectiform fish, which is the case 303 of Senegalese sole and Japanese flounder. 304
The two metabolic trials performed in the current study showed that dietary taurine 305 supplementation significantly increased AA retention in Senegalese sole larvae at 9 DAH, but 306 not at 16 DAH. These differences were most likely related to the taurine levels present in 307 larval bodies at those ages. As mentioned before, larvae from the Taurine treatment had a 308 significantly higher taurine content than larvae from the Control treatment at 10 DAH, while 309 no differences were obtained between treatments at 17 DAH. Therefore, increased AA 310 retention in Senegalese sole was only observed when larval bodies presented a higher taurineand AA are the building blocks for protein synthesis, these results indicate that dietary taurine 313 supplementation may result in an enhancement of Senegalese sole larval growth potential. In 314 addition, these results may help understanding why dietary taurine supplementation has often 315 been mentioned to simultaneously increase taurine body levels and growth performance of 316 other fish species. For instance, these findings were reported for larvae of cod (Matsunari et 317 al., 2005b) , red seabream (Chen et al., 2004) and Japanese flounder (Chen et al., 2005) , and 318 for juveniles of chum salmon (Sakaguchi et al., 1988) , yellow tail (Matsunari et al., 2005a; 319 Takagi et al., 2006a; Takagi et al., 2006b; Takagi et al., 2008) The mechanisms through which taurine affects AA metabolism, protein synthesis and 323 growth, both in fish and mammals, are still scarcely studied, not being fully understood. Since 324 taurine is not incorporated into muscle protein, its effects on AA metabolism have been 325 hypothesized to be related to indirect regulatory and/or metabolic functions. For instance, 326 actions as stimulation of AA uptake into skeletal muscle cells (Huxtable et al., 1987) or 327 production of growth hormone have been proposed for taurine (Huxtable, 1992) . In species 328
with an active taurine biosynthesis pathway, dietary taurine supplementation may also 329 possibly increase the availability of its precursor AA (methionine and cysteine; Métayer et al., 330 2008), or even contribute for a better lipid digestion and absorption, since taurine has an 331 important role in bile acid conjugation (Kim et al., 2007) . These effects may spare dietary AA 332 from being catabolised for energy production, leading to a higher AA availability for protein 333 synthesis and growth purposes. Interestingly, the energy content of Senegalese sole larvae 334 body tissues increase just before the onset of the metamorphosis, energy that is required 335 during the transformation process (Parra and Yúfera, 2001) . Taurine may play an important 336 role during the pre-metamorphic period. Still, although several hypotheses have been 337
proposed to ascertain the relationship between taurine and AA metabolism, it is clear that this 338 largely unexplored subject still needs further clarification. 339
In conclusion, this study contributed to increase knowledge on the role of taurine during 340 the early stages of fish development. Furthermore, it showed that dietary taurine 341 supplementation may be important during these stages, contributing to increase larval growth 342 potential and to enhance metamorphosis in the case of flatfish species, such as Senegalese 343 sole. These findings may be important not only for Senegalese sole, but also for 344 understanding the mechanisms through which taurine is involved on AA metabolism and Values are expressed as means ± standard deviation. n = 3 pooled samples for pelagic larvae 551 and n = 2 pooled samples for newly settled larvae. Different superscript letters within 552 columns indicate significant differences between treatments. DW -dry weight; RGR -553 relative growth rate; DAH -days after hatching. Values are expressed as means ± standard deviation (n=3). DW = dry weight; DAH = days 561 after hatching. Different superscript letters within rows indicate significant differences 562 between treatments at a certain age. 563 Taurine (mg g -1 DW) Control Taurine
